Introduction 36
Philopatry has been defined as the return of individuals to the locality or region 37 where they were born to reproduce (Mayr 1963; Secor 2002) . This phenomenon has been 38 demonstrated in several marine vertebrates, including pinnipeds (Baker et al. 1995; 39 Hoffman and Forcada 2012), bony fishes (Thorrold et al. 2001; Rooker et al. 2008) and 40 sea turtles (Bowen & Karl 2006; Lohmann et al. 2013) . When common to both sexes, this 41 behavior contributes to the development of closed populations where intrinsic 42 reproduction and recruitment are more important determinants of population dynamics 43 than immigration (Harden Jones 1968; Secor 2002) . For this reason, philopatry is 44 fundamental to the stock-unit concept in fisheries management and is an important 45
One important property of philopatry is its geographic specificity, which 48 quantifies how closely individuals return to the site of their birth. This property helps 49 determine the scale at which populations may become closed and therefore identifies the 50 most appropriate scale of stock assessments and management actions. For example, 51 rapidly maturing, anadromous salmonids often return to their exact birthplace (i.e., 52 tributary) to reproduce, which we hereafter refer to as "natal philopatry" (Harden Jones 53 1968). In many late-maturing marine organisms, however, individuals usually return to 54 their natal region of origin but not necessarily to their exact natal locality within this 55 region. We hereafter refer to this as "regional philopatry." Female sea turtles, which 56 mature after a decade or more, are known from population genetic analyses to exhibit 57 regional philopatry, but most of these studies lack the resolution necessary to determine 58 whether they nest any closer than hundreds or even thousands of kilometers from the 59 beach where they hatched (Bowen & Karl 2007; Lohmann et al. 2013 , but see Lee et al. 60 2007) . There may be reduced geographic specificity in late-maturing species, compared 61 to rapidly maturing ones, simply because of the long time elapsed between birth and first 62 reproduction. One mechanism for homing animals that has been proposed is that they 63 imprint on the geomagnetic field at their birthplace and use this information to relocate to 64 this site when it comes time for them to reproduce (Lohmann et al. 2008 This is not surprising given the logistical difficulties associated with tracking late-86 maturing, mobile marine animals from their birthplace to where they reproduce. 87
Studies of lemon sharks (Negaprion brevirostris) in the largest nursery area 88 (North Bimini) in the Bimini islands, Bahamas ( Fig. 1 ) have offered clues that natal 89 philopatry may occur in sharks. Lemon sharks are large apex predators that mature at 90 total lengths (TL) of 230-240 cm, reached at age 12 or greater (Brown & Gruber 1988) . 91 5 Telemetry studies show that lemon sharks < 90 cm TL are strongly site attached to their 92 natal nursery area and remain in < 1 m depth, typically within 300 m of shore (Morrissey 93 & Gruber 1993) . In Bimini they do not even move between disjunct patches of nursery 94 habitat occurring in North and South Bimini (Fig. 1 Information), adult females of uncertain natal origin repeatedly return to Bimini to give 106 birth, typically on a two-year reproductive cycle (Feldheim et al. 2002a (Feldheim et al. , 2004 . Juvenile 107 lemon sharks that are experimentally displaced several kilometers away from Bimini 108 rapidly navigate back to the exact part of the island where they were caught (Edrén & 109 Gruber 2005), suggesting that they have an innate ability to home to this site. 110
Here we analyze genetic profiles of individual lemon sharks sampled from 20 111 consecutive cohorts (1993-2012) in Bimini to look for the first direct evidence of natal 112 philopatry in sharks. We use both physical captures and genetic reconstructions of adult 113 female sharks to examine natal philopatry at this site. We also provide new insights into 114 6 the temporal and spatial fidelity of females that repeatedly give birth within the nursery at 115
Bimini. 116
Methods 117
Sampling and genotyping of sharks 118
Newborn and juvenile (< 90 cm TL) lemon sharks were intensively sampled in 119 the North Bimini nursery area annually from 1995 to 2012. Our analysis extends back to 120 the 1993 cohort, however, because we caught one and two-year old sharks in the 1995 121 sampling effort. Sampling occurred in June using 180 meter long, two meter deep 122 monofilament gillnets deployed perpendicular from shore. The South Bimini nursery was 123 also sampled opportunistically between 1996 and 2012. All captured sharks were 124 measured to the nearest 0.1 cm for pre-caudal length (PCL), fork length (FL), and TL, 125 sexed, tagged with a passive integrated transponder (PIT, Destron Fearing, South St. 126
Paul, MN, USA) tag and had a small piece of fin removed and stored in 20% DMSO for 127 genetic analysis. Individuals were released alive after a brief holding period (< 7 days). 128
We assume that any individual captured in the nursery that is < 90 cm was born locally 129 Bimini often return for parturition every two years (Feldheim et al. 2002a (Feldheim et al. , 2004 . As 167 such, we have several maternal (N=89) and paternal (N=352) genotypes that we 168 previously reconstructed from our 1993-2007 cohorts. We included these genotypes as 169 candidate parents in our COLONY runs. We then ran two separate runs of COLONY for 170 each of the 2008-2012 cohorts. In the first run for each cohort, we used these previously 171 reconstructed adult genotypes for the male and female genotype input. Newly 172 reconstructed parental genotypes obtained from the 2008-2012 COLONY results were 173 compared to all female sharks born at Bimini between 1993-1998 (N=249). Any matches 174 were considered to be the same individual. COLONY does not fully reconstruct 175 genotypes for adults when there is either monogamy or when there are few offspring 176 sampled from each litter (Wang 2004) . Therefore, for the second COLONY run, we also 177 included all female sharks born at Bimini between 1993-1998 in the candidate female 178 file. For every run, we used the default parameters in COLONY, with female polygamy 179 and male monogamy (as is generally the case at Bimini (Feldheim et al. 2002a (Feldheim et al. , 2004 ). 180
Allelic dropout was set at 0, and error rate was set at 0.005. The probability that a parent 181 was in the pool of candidates was set at 0.005 and 0.2 for the first run and 0.005 and 0.1 9 for the second run for males and females respectively. The probability was lower for the 183 second run to account for the additional candidate females from the 1993-1998 cohorts. 184
Long-term fidelity to specific parturition sites 185
Using COLONY, we continued to reconstruct parental genotypes from the 2008-186 2012 cohorts to extend our understanding of how long individual females may exhibit 187 philopatry to certain nursery areas. We also determined whether females used the same 188 discrete patches of nursery habitat that are separated by ~ 5.5 km (North versus South 189 Bimini, Fig. 1 ) as opposed to using them randomly upon reaching the Bimini islands. It is 190 important to highlight that the females analyzed to answer these questions are too old for 191 us to know whether or not they are also exhibiting natal philopatry. 192
Results 193
The potential pool of philopatric individuals was composed of all females 194 captured and tagged from the 1993-1998 Bimini cohorts. We know from recapture 195 information that 128 of them survived to at least age two, but only a small number of 196 these are likely to have survived to maturity (see Supplementary Information) . Directly 197 recapturing these returnees provided the strongest evidence of natal philopatry. Two large 198 (> 240 cm TL) females were captured in the North Bimini nursery area during the 2008 199 parturition season (Table 1) . Neither of these had previously been detected as parents at 200
Bimini. The first was confirmed to be gravid at the time of capture through an ultrasound 201 examination. It lacked a readable PIT tag, but its multilocus microsatellite genotype 202 Bimini in 2012, three (50%) were born there (Table 1) . 243 Some females have been returning to Bimini to give birth to their young for the 244 entire course of this study (1993-2012, Fig. 2 ). In addition, we found that females give 245 birth at discrete locations within the Bimini nursery on a regular basis (Fig. 2) . Females 246 returning to Bimini either give birth at the North island (N=59, e.g. females 1-42 in Fig.  247 2) or South island (N=6, e.g. females 43-48 in Fig. 2 ). There are no examples of a female 248 using both islands for parturition; without exception, females were faithful to one nursery 249 site or the other across multiple returns to Bimini. If we consider each philopatric event 250
for every female in our study, there are 268 birthing events (246 at North Bimini and 22 251 12 at South Bimini) where the female in question exhibited fidelity to one island or the 252 other. 253
Discussion 254
Here we provide the first direct evidence that some female sharks return to their 255 natal nursery area to give birth (i.e., natal philopatry). Although there are only six cases 256 documented here, we stress the challenges of directly observing this behavior in late- The existence of decadal fidelity to nursery sites and natal philopatry by female 286 sharks may lead to some level of population isolation on fine geographic scales. 287
Assessment models that assume large, panmictic regional populations are unlikely to be 288 accurate in forecasting stock status if the population is more structured, especially when 289 the structure is due to behavior of the critically important adult females (Hueter et al. 290 2004) . Models that take the spatial distribution of fishing effort and population structure 291 into account are more appropriate tools for predicting the population dynamics of these 292 species. They could also often benefit from investments in local, spatially explicit 293 potentially materialize more rapidly and on a much more local geographic scale than 298 resource managers might assume based on the mobility of sharks. Overall, it is becoming 299 increasingly clear that these imperiled predators have a complex population structure, and 300 some species can benefit from investments in local conservation measures nested within 301 broader international efforts. 302
Although it is well established that several marine taxa exhibit regional 303 philopatry, much less is known natal philopatry, especially for late-maturing taxa such as 304 sharks and sea turtles (Bowen & Karl 2007; Lohmann et al. 2012 ). It has been proposed 305 that late-maturing species home back to their natal region to reproduce but either cannot, 306
given changes in the geomagnetic field, or do not, given alternative nursery habitats in 307 the region, navigate back to the exact location (Lohmann et al. 2008 . Here, we 308 provide extremely rare direct evidence of this type of geographically exact natal 309 philopatry in a late-maturing marine species, suggesting that sharks are capable of doing 310 so even when there is extensive alternative nursery habitat nearby. Coastal sharks, an extended oceanic phase and do not return until more than a decade has passed 319 . Despite potential differences between taxa in geographic 320 15 specificity, our findings support the emerging paradigm that natal philopatry is 321 widespread in mobile marine vertebrates (Cury 1994) . 322
